Background: In animal models, enteric reflex pathways have potent effects on motor
INTRODUCTION
The enteric nervous system is important for many functions of the gastrointestinal tract in mammals. Whilst laboratory animals have long been used to study the enteric neural circuitry in the gut wall, investigations of the functional enteric neural pathways in the human gastrointestinal tract have been less extensive. In the human colon, enteric motorneurons innervating the circular muscle project less than 10mm orally 1 . Retrograde labelling combined with immunohistochemistry showed that ascending motor neurons are likely to be excitatory since they are immunoreactive for excitatory markers choline acetyltransferase (ChAT) and tachykinins (TK). Ascending interneurons have also been characterised in human colon;
these are also immunoreactive for ChAT and tachykinins. 2, 3 . These anatomical studies, suggest that acetylcholine and tachykinins are likely to be neurotransmitters for both neuroneuronal and excitatory neuromuscular transmission in the ascending pathways. On the other hand, aborally projecting motor neurons are probably inhibitory since they are immunoreactive for inhibitory markers such as nitric oxide synthase (NOS) and vasoactive intestinal peptide (VIP) 2, 3 . Electrical field stimulation, pharmacological agents and physiological stimuli have all been used to investigate the contribution of neurons to colonic contractility [4] [5] [6] [7] . However, we have much less functional understanding about how these anatomically-polarised pathways contribute to the control of contractility in the human gut.
In the colon of most mammals, including humans, two separate pacemaker regions have been identified, which give rise to distinctive components of myogenic contractility 6, 8, 9 . In vitro recordings from small segments of human colon have demonstrated high frequency contractions (8-30 cycles per minute) and intermediate frequency contractions (2-4 cpm), driven by pacemaker networks located at the myenteric and submucosal borders respectively. They are thought to be initiated by two populations of interstitial cells of Cajal (ICC) in these regions 6, 10, 11 . A third type of spontaneous slower phasic contraction has also been reported, but has received considerably less attention. It occurs at less than 1 cycle per minute in colon from humans and other mammals 6, 8, 9 . In some cases, these slow contractions appear to be myogenic, since they persist in the presence of tetrodotoxin 10 .
In the present study, Slow Phasic contractions (SPCc) were the predominant form of contractility in circular muscle of isolated specimens of human colon. Our aim, therefore, was to determine if activation of enteric neural pathways could modulate SPCs. To preserve the integrity of ascending interneuronal pathways, larger specimens of human colon were used, compared to most previous studies [10] [11] [12] . Four of 12 patients were administered Celecoxib, a cycloxygenase inhibitor, prior to surgery, as part of another study, 13 . Patients who were part of this study were administered either placebo, celecoxib (100 mg) or diclofenac (50 mg) one to two hours prior to surgery.
MATERIALS AND METHODS

Specimens
Unpublished data from a separate series of experiments conducted in our laboratory compared the contractility of tissue obtained from patients with or without Celecoxib and revealed no significant differences in the mean frequency or amplitude of slow phasic or intermediary contractions. For this reason, data from mesentery, mucosa and most of the submucosa were removed by sharp dissection leaving the longitudinal and circular muscle layers, and the myenteric plexus intact. Taenia coli were included in some of the specimens, but care was taken to ensure that these were not located at the recording site or the stimulation site.
Preparations of colonic strips of different sizes.
We investigated the effect of the size of muscle strips on the spontaneous contractions. Following an equilibration period of 1-2 hours 5 , control data was collected for 1 hour and the frequency of spontaneous contractions was analyzed. An observer, blinded to test condition and tissue size, analysed patterns of contractile activity. Contractions could be separated based on frequency, duration and amplitude. Dominant frequencies were obtained from power spectra generated from Fast Fourier transforms (FFT) of 600s epochs with 12,000 datapoints.
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The FFT software was written in Matlab (The MathWorks, Natick, Massachusetts, USA).
When comparing the amplitude of contractions across preparations of different size, the amplitude of the contraction (measured in gramme-force (g)) was divided by cross sectional of the preparation (mm 2 ).
Activation of ascending pathways
Of the 12 specimens collected, 8 were dissected into 'T' segments; ascending colon (n=1), splenic flexure (n=1); descending colon (n=5), sigmoid colon (n=1). Preparations were cut into a "T" shape where the cross bar of the T was at the oral end of the preparation. Maximal circumferential length was ~80mm and maximal longitudinal length was ~20mm. 
Data analysis
Results are expressed as means ± standard deviation. n refers to the number of patients.
Statistical analysis was performed by: student's two-tailed t-test for paired samples using Microsoft Excel 2004; and either ANOVA or MANOVA using GraphPad Prism 4, software.
One-way ANOVAs were used to analyse whether preparation size affected the frequency of slow events. MANOVA analysis was used to compare the frequency of slow events across preparations of all sizes in control versus TTX. One-way ANOVA was used to compare the intervals between spontaneous contractions before and after electrical stimulation, with intervals between the evoked contraction and the next spontaneous contraction. One-way ANOVA and MANOVA were followed by Bonferroni post hoc tests.
RESULTS
Spontaneous contractions in muscle strips
Patterns of contraction of preparations ranging in size from 2 x 10mm to 15 x 80mm were compared in vitro (transverse colon n=2; descending colon n=2). cycles per minute were observed in 9/16 recordings and typically had the smallest amplitudes (8.9±6.8mg.mm-2, n=4). These had similar frequency characteristics to the myenteric potential oscillations (MPOs) recorded at the myenteric border of human colonic circular muscle in vitro 11 . The frequency of all three types of contractions was similar across preparations (n=4). While these three different frequencies of motor activity were present in 9 Carbone et al. -most of the preparations, SPCs were the dominant behaviour, with the largest amplitude.
These were the focus of the rest of this study.
Spontaneous activity in 'T' segments of colon
The resting tension of the circular muscle averaged 2.7±1.9g (n=8 
Stimulation of ascending interneuronal pathways and its effects on SPCs
Supramaximal transmural electrical nerve stimulation of the aboral segment of colon (0.4ms, 10Hz, 5s, 80V) was followed by a contraction that resembled a SPC in both amplitude and timecourse, in all preparations. The delay between the electrical stimulus and the peak of the following SPC was significantly shorter than the time between a randomly selected point and the peak of the following SPC (10.8±2.3s vs 152.0±52.1s, P<0.005, n=6, Fig 3A) indicating that the electrical stimulus evoked a premature SPC. It is interesting to note that the amplitude of evoked SPCs did not significantly differ from spontaneous SPCs (4.7±4.2g versus 6.1±3.5g, n=6, Fig 3B) . 
Inhibiting nicotinic pathways: effects on evoked contractions.
To test the role of nicotinic pathways in the inititiation of premature SPCs, a high concentration of hexamethonium (1mM) was added to both compartments of the organ bath.
Electrically evoked premature SPCs persisted in hexamethonium ( Fig 5A) and there was no detectable change in the time taken for the response to occur after the stimulus. As in control Krebs solution, the delay between the electrical stimulus and the peak of the following SPC was still significantly shorter (in the presence of hexamethonium) than the time between a random point and the next SPC (11.8±4.9 versus 206.8±138.8s, P<0.05).
The delay between the electrical stimulus and the contraction it evoked (11.8±4.9s) was similar in hexamethonium to that in control Krebs solution (10.8±2.3s). The amplitudes of evoked contractions were not significantly affected by the addition of hexamethonium (4.0±3.8g versus 4.3±5.1g, n=5, Fig 5B) . Thus, nicotinic transmission is not required for nerve-dependent triggering of SPCs (Fig 5B) . Since evoked contractions persisted in hexamethonium, we tested whether the initiation of the contraction was delayed by inhibiting nicotinic pathways. The time from the end of the train of electrical stimuli to 10% amplitude of the contraction was compared in control with hexamethonium. Application of hexamethonium did not significantly affect this latency (4.7±1.2s to 3.8±.9s Fig 5C) .
Application of the nicotinic agonists DMPP (1mM) to the aboral chamber typically evoked a contraction (Fig 6A) in the oral segment with a delay of 26.3±4.7s. However, when compared with the time between random points and the peak of the following contraction (74.6±37.5s), this did not reach significance (P=0.07, n=4, Fig 6B) . These results suggests there are probably nicotinic receptors in ascending neural pathways, but that their contribution may be relatively small.
DISCUSSION
The aim of the current study was to characterize the myogenic patterns of mechanical activity in the circular muscle layer of isolated segments of human colon and determine the functional role of ascending excitatory nerve pathways in the control of these motor patterns. One very striking finding was that the spontaneous contractility of circular muscle in vitro is dominated, not by slow wave-driven patterns, nor by myenteric potential oscillations, but by high amplitude, slow phasic contractions that typically occurred at intervals of 1-4 minutes.
Activation of ascending excitatory neural pathways evoked premature SPCs with very similar characteristics to spontaneous SPCs. Activation of a premature contraction also re-set the timing of subsequent SPCs. It is worth noting that the amplitude of the spontaneous and neurally-evoked contractions were very similar. This suggests that neural inputs sum with the myogenic pacemaker to bring the system to threshold, and then endogenous mechanisms take over to produce the full mechanical event, and then reset the cycle.
Ascending neural pathways
The ascending motorneurons innervating the circular muscle layer of the human colon have a maximal projection up the gut of 10mm 1 . Thus, electrical stimulation applied more than 10mm from the partition in the current study cannot have activated excitatory motor neurons directly. There are two possible explanations for the effects seen. The first is that electrical stimulation activated ascending interneurons, which form functional chains running up the gut 14 , which then excited excitatory motor neurons. The alternative is that electrical stimulation antidromically activated the axons of long descending interneurons, which had upstream collateral contacts onto excitatory circular muscle motor neurons. In studies combining retrograde labelling and immunohistochemistry in human colon, 23% of orally projecting interneurons were immunoreactive for the cholinergic marker, ChAT and for tachykinins 3 . It is possible that the effects of DMPP in the present study were due to the activation of these ascending interneuronal pathways. Tachykinins are responsible for some non-cholinergic neuron-to-neuron transmission in the human ileum 15 and are also involved in neuro-muscular transmission in human gut 16, 17 . In addition, NK2-receptor-mediated excitation has been reported in human colon 20 . Hexamethonium-resistant colonic motor patterns have also been reported in some experimental animals 18, 19 . We speculate that tachykinins may be involved in some of the hexamethonium-resistant effects of neural stimulation in the present study, but emphasise that this remains to be tested directly.
Permissive role of nerves and conditional pacemakers
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The current study suggests the existence of limited but specific interactions between neural and myogenic mechanisms. It has previously been reported that activation of cholinergic muscarinic receptors by carbachol initiates SPCs, via muscarinic receptors 10 . Thus, muscle and pacemaker cells were influenced by a continuously superfused cholinergic agonist to produce phasic activity, even in the presence of tetrodotoxin. This latter observation indicates that the phasic contractions are not due to burst firing by motor neurons, but must be an intrinsic property of the muscular apparatus. Enteric excitatory motor neurons are an endogenous source of acetylcholine in the circular muscle of the colon. We speculate that ongoing release of small amounts of acetylcholine from motor neuron axons tonically excites the pacemaker system for SPCs, increasing their frequency above the basal rate. This would explain why hexamethonium reduces SPC frequency. Thus motor neurons modulate the excitability of the pacemaker system but do not drive it. This is consistent with the long latency (>4s) of SPCs after electrical stimulation of ascending interneuronal pathways. The identity of the pacemaker cells in the colon, which are the target of endogenous acetylcholine, remains to be determined. It is worth noting that cholinergic agonists have been shown to increase the frequency of slow waves in the murine gastric antrum 21, 22 . In the rat colon, contractions occurring at similar frequencies to SPCs, termed "rhythmic propulsive motor complexes", were blocked by inhibiting neural activity and then restored following addition of carbachol 12 . In the present study, hexamethonium and tetrodotoxin did not affect the amplitude of SPCs. This suggests that once a threshold has been reached, SPCs are generated in an all-or-nothing fashion. 
